Aims/hypothesis The aim of this study was to prospectively investigate whether psychological stress during childhood may be a risk factor for manifest type 1 diabetes. Methods The All Babies In Southeast Sweden (ABIS) study invited all families with babies born between 1 October 1997 and 30 September 1999 in southeast Sweden to participate. Our study subsample includes 10,495 participants in at least one of the data collections at 2-3, 5-6, 8 and 10-13 years of age not yet diagnosed with type 1 diabetes at inclusion; 58 children were subsequently diagnosed. Age at diagnosis was obtained from the national register SweDiabKids in 2012. Family psychological stress was measured via questionnaires given to the parents assessing serious life events, parenting stress, parental worries and the parent's social support. Results Childhood experience of a serious life event was associated with a higher risk of future diagnosis of type 1 diabetes (HR 3.0 [95% CI 1.6, 5.6], p=0.001) after adjusting for heredity of type 1 diabetes and age at entry into the study. The result was still valid when controlling for heredity of type 2 diabetes, size for gestational age, the parents' education level and whether the mother worked at least 50% of full time before the child's birth (HR 2.8 [95% CI 1.5, 5.4], p = 0.002), and also when childhood BMI was added to the model (HR 5.0 [95% CI 2.3, 10.7], p<0.001). Conclusions/interpretation This first prospective study concluded that experience of a serious life event in childhood may be a risk factor for manifest type 1 diabetes.
Introduction
The aetiology behind type 1 diabetes is unknown, but both genetic and environmental factors are involved. It is usually preceded by autoimmune destruction of insulin-producing beta cells in genetically predisposed individuals [1] , and several environmental factors such as viral infections [2] , dietary habits in infancy [3] , birthweight and early weight gain [4] , as well as chronic stress [5] , have been proposed as risk factors. The incidence among young children is increasing in most countries in the world [6] , suggesting that environmental factors need to be examined seriously.
Psychological stress has long been suggested as an environmental factor [5] . In particular, severe life events during childhood have been studied as a potential risk factor for type 1 diabetes, mainly retrospectively [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . One study examined stress exposure on a group level [17] and one prospective study examined stress early in life [18] . Retrospective reports of stress may be confounded by the onset of diabetes, since it is a very stressful event. As the first prospective study of individuals, the present study aimed to examine whether psychological stress in terms of experiences of serious life events (SLEs), along with parental perception of parenting stress and lack of social support, during the child's first 14 years of life, may be a risk factor for manifest type 1 diabetes.
According to the beta cell stress hypothesis [5] , all factors that increase the need for insulin or increase insulin resistance might be risk factors for the development of type 1 diabetes; hence, psychological stress leading to increased stress hormone concentrations may contribute to the disease. Some previous studies have found an association between diabetes and the experience of one or more severe life events for the child before diagnosis [9, 10, [14] [15] [16] , but other studies have only found such an association for specific types of life events [11, 13, 17] , or only if the event had been judged as negative for the child [12] . More chaotic family function, but not a lack of parental social support, has been associated with a diagnosis [12] .
Based on the beta cell stress hypothesis [5] and previous research, we hypothesised that we would find an increased risk of type 1 diabetes in children with a previous experience of SLEs and in children whose parents reported higher levels of parenting stress, worries or lack of social support.
Methods

Participants
The All Babies In Southeast Sweden (ABIS) study invited all families with babies born between 1 October 1997 and 30 September 1999 in southeast Sweden to participate. In total, the parents of 16,153 children participated by answering one or more questionnaires. The current study examined data from families participating in at least one of four data collections carried out when the children were between 2 and 14 years of age (N=10,495). Of these, 58 children were diagnosed with type 1 diabetes between 3 and 14 years of age (for details of the sample, see Fig. 1 ). The inclusion criterion was that the child had not been diagnosed with diabetes when participating for the first time. Due to the time-sensitive measure in the Cox regression model, participants with a missing date of participation were excluded at that specific time point.
Procedure
After data collection at birth, the families were invited to five data collections when the children were aged 1, 2-3, 5-6, 8 and 10-13 years, and the current study examined the four latter time points. Data concerning the collection at age 1 year have been reported elsewhere [18] . Data collections at ages 2-3 and 5-6 years were conducted in association with regular check-ups at well baby clinics. Around 99% of all Swedish parents bring their children to these check-ups, which are government subsidised. The questionnaire was filled out during the visit or later at home and returned by mail; no reminders were used. In total, 250 clinics were involved. At the 8 year and at part of the 10-13 year data collections, the questionnaire was sent home to the parents and returned by mail. One reminder was used for the questionnaire at 10-13 years. The other part of the data collection at 10-13 years was conducted in collaboration with schools: the child brought the questionnaire home to the parent, who returned it by mail and no reminders were used. The questionnaire was usually filled out by the mother (age 2-3, 96.6%; age 5-6, 91.1%; age 8, 89.0% and age 10-13, 84.8% by the mother only and 6.6% by the mother and father together). Before giving their consent to participate, the parents received printed and oral information and were offered the chance to see a video concerning the project. Before each new data collection, the parents received new written information and gave continued consent by answering the questionnaire. The ABIS study was approved by the research ethics committees at Linköpings University (Dnr 96-287, Dnr 99-321, and Dnr 03-092) and Lund University (LU 83-97), both in Sweden.
Outcomes
Identification of diabetes cases and the dates of diagnosis were made on 31 December 2012 from the national register SweDiabKids, where all children in Sweden diagnosed with type 1 diabetes mellitus according to international criteria are registered.
Exposure variables
Psychological stress in the family Several instruments in the ABIS questionnaires measured different aspects of psychological stress within the family. Simultaneous exposure of stress assessed with these instruments in ABIS has previously been found to be associated with increased levels of cortisol and an altered immune response in the child [19] . The instruments included vary somewhat between the four time points.
SLEs Experiences of stressful, severe or negative life events or, as called in ABIS, SLEs have commonly been assessed by self-reported checklists beginning with the social readjustment rating scale by Holmes and Rahe in 1967 [20] . Coddington applied this scale to children using parents and adolescents as informants [21] . In ABIS, SLEs experienced by the child (SLE-child) were assessed at three time points with the general question 'Has your child been exposed to something which you perceive as a serious life event…' with '…since the child's birth?' in the 5-6 years questionnaire and with '… in the last two years?' in 8 and 10-13 years questionnaire. Each time the question was followed by a checklist (Table 1) . A 'yes' for the general question and/or 'yes' for one or more of the items on the checklist was defined as 'any kind of SLE'. The checklist was revised once; hence, comparable broader categories of life events have been constructed to enable longitudinal analyses (Table 1) . In order to include other events experienced in the family that may have affected the child we also included SLEs experienced by the parent (SLE-parent) assessed at all four data collections in the same way as for SLE-child but with the question beginning 'Have you been exposed to…'. As for SLE-child, categories of events comparable over time were constructed (Table 1) . For all variables of SLE, a 'yes' means that at least one SLE was experienced at some time during childhood before diagnosis.
Parenting stress and worries Parenting stress (i.e. the parent's perception of stress associated with parenthood) was assessed when the children were aged 2-3, 5-6 and 8 years by three (incompetence, spouse relationship problems and role restriction) out of five subscales of the Swedish Parenthood Stress Questionnaire (SPSQ) [22] -a translation and reconstruction of the Parenting Stress Index [23] . Each item was assessed on a Likert scale of 1-6, where higher values indicate more stress. In ABIS, parenting stress has previously been associated with increased levels of saliva cortisol [24] .
Parental worries were assessed at all four data collections by the general question 'Have you worried about any of the following…' with '…since the child turned 1 year?' at the 2-3 and 5-6 year questionnaires and '…in the last two years?' at the 8 and 10-13 years questionnaires. The general question was followed by 6-8 items (Likert scale 1-6), each describing an age-appropriate risk such as the child would be harmed, exposed to abuse, not survive, become seriously ill or be bullied at school. A mean value across all items (allowing for one missing value) was calculated, where a higher value indicates more worries.
Parent's social support
The quantity and quality of the parent's social support were assessed when the children were aged 5-6 and 10-13 years by a questionnaire derived from Crnic et al [25] , which was previously used in Sweden by Östberg and Hagekull [26] and previously described in ABIS by Koch et al [27] . A higher value reflects a smaller social network and more dissatisfaction.
Social isolation as a consequence of parenthood was assessed when the children were aged 2-3 years by the social isolation subscale (seven items) of SPSQ [22] , with a higher value indicating more social isolation.
Potential confounding factors
In a previous ABIS study [18] , the associations between type 1 diabetes and several factors commonly discussed as risk factors were reported. Only variables with p<0.05 or with HR <0.50 or >2.0 in the previous study were regarded as potential confounders in the current study. These were heredity for type 1 diabetes (referred to as 'heredity'), heredity for type 2 diabetes, size for gestational age (according to the equation from the Swedish National Board of Health and Welfare), parental education in two levels (compulsory/secondary [≤12 years], or university for at least 1 year [>12 years]), giving four groups when coding both parents together, and mother working ≤50% of full time before the child's birth. Data for these variables were reported in the ABIS questionnaire at the child's birth.
BMI was included as a possible mediating factor because psychological stress in the family has been associated with childhood obesity in ABIS [27] . Height and weight was assessed in the questionnaires at ages 2-3, 5-6 and 8 years.
BMI was calculated and divided into three groups (normal, overweight, obese) according to age-adjusted international standards.
Effect modifiers
Variables used as possible effect modifiers were heredity for type 1 diabetes (10.5% in the family or extended family, missing items were imputed as 'no') and the child's sex (51.8% boys). Characteristics of the study participants Characteristics of our study sample are reported in Table 2 , with follow-up time in Table 3 . Compared with the unselected part of the ABIS cohort, there was a slightly higher chance of being included in our study sample if the mother had a university education or had worked >50% of full time before the child was born (electronic supplementary material [ESM] Table 1 ). Heredity for type 1 diabetes was not found to influence this (ESM Table 1 ). The proportion of children diagnosed after data collection at age 2-3 years did not differ significantly between the selected and unselected part of the ABIS cohort (58/10,495=5.5% compared with 30/5,658= 5.3%, z=0.18, p=0.86). The proportions of children exposed to family psychological stress are reported in Table 4 and ESM Table 2 . Due to item non-response and measuring at different time points, the total N for each of the variables varies between 7,457 and 10,128.
Statistical methods
Cox proportional hazard regression with time-dependent covariates (IBM SPSS Statistics Version 21 Release 21.0.0.0; IBM, Armonk, NY, USA) estimating HRs was used to address the main aim. Follow-up time ranges from time of entry (i.e. age when participating in the first of the four follow-ups) to time at diagnosis for diabetes cases or to 31 December 2012 for censored cases. Since the children were of different ages at entry, all analyses were adjusted for age at entry. All variables assessing family psychological stress more than once were regarded as time-dependent covariates. Therefore, the value of each of these variables was updated when follow-up time passed each time of participation in a new data collection; if missing/not participating at the following data collection, the value remained valid until next participation or time of diagnosis/censor. However, a 'yes' response concerning SLE remained from the time it was registered to the end of the study period, i.e. it was not updated to a 'no' from a subsequent data collection. In order to examine the contribution of each stress variable separately and to avoid effects of multicollinearity, one Cox regression analysis was performed per exposure variable. All analyses were adjusted for heredity for type 1 diabetes. All variables with p<0.05 were tested with effect modifiers one at a time. Finally, analyses adjusted for all potential confounders were performed for all variables with p<0.05 in previous analyses. Adding the potential confounders reduced the number of diabetes cases due to missing data; therefore, this was not done in the initial analyses.
Results
Main results
The experience of an SLE by the child as well as by the parent at any time in childhood was associated with a higher risk of a subsequent diagnosis of type 1 diabetes after adjusting for heredity and age at entry into the study, as well as after adjusting for all potential confounders (Table 4) . None of the exposure variables capturing the parent's perception of parenting stress, parental worries or social support were found to significantly associate with subsequent diagnosis after adjusting for heredity and age at entry (ESM Table 2 ).
We further investigated whether the association between SLE and type 1 diabetes could possibly be explained by the child's BMI. After adjustment for BMI groups, included as a time-dependent covariate in the models, the associations between childhood SLE and diabetes risk remained (Table 4) .
Effects of different exposures of SLEs
Both SLEs including death and illness experienced by the child and SLEs including death, illness and accidents experienced by the parent were associated with a higher risk of diagnosis after adjusting for heredity and age at entry into the study, and remained so after adjusting for all potential confounders as well as BMI (Table 4) . To find out whether the SLE 'the child is/has been seriously ill' contributes heavily to the association, Cox regression was performed with this particular event excluded from death/illness. The result remained significant (HR 2.25 [95% CI 1.16, 4.36], p=0.017).
The subcategories of SLE including divorce, i.e. 'new family structure' for the child and 'conflict' for the parent, were both associated with a higher risk of diagnosis (Table 4) . However, these associations did not remain significant after adjusting for all potential confounders and BMI (Table 4) . SLEs experienced by the child and the parent were highly correlated (any kind of SLE: at 5-6 years r=0.56, 8 years r= 0.63, 10-13 years r=0.63); hence, we tested whether the effect of any kind of SLE experienced by the parent added a unique risk not already captured by an SLE-child of any kind. Adding the variable in a second step in the Cox regression analysis did not add any extra effect beyond the risk for SLEchild (p=0.585).
The significant results regarding experiences of SLE were not found to vary between children with or without type 1 diabetes heredity or between boys and girls after adjusting for heredity and age at entry (ESM Table 3 ).
A Kaplan-Meier plot of the cumulative incidence of type 1 diabetes in children with and without an experience of SLE, as well as descriptives of time between reporting an SLE and manifest diabetes are shown in ESM Figure 1 and ESM Table 4 .
Discussion
In this population-based prospective study, we found that an SLE experienced by the child at any time during the first 14 years of life increased the risk of diagnosis of type 1 diabetes independent of heredity, heredity for type 2 diabetes, size for gestational age, the parents' education level, whether the mother worked less than 50% of full time before the child's birth and the childhood BMI. A SLE experienced by the child will probably also be experienced by the parent, and no unique effect was found for experiences of the parent after removing the effects of events experienced by the child. No increased risk was found for parenting stress, parental worries or social support.
In our study, the risk of a child being diagnosed with diabetes before 14 years of age was estimated to be three times higher if the child had experienced an SLE than if they had not. In relation to other environmental factors discussed as risk factors, the increase in risk found in our study is comparable to that of factors such as birthweight [4] , infant nutrition factors [3] and enterovirus infection [2] . However, when comparing single risk factors, heredity is still much more important. In our study sample, the increase in risk for a child from a family in which another first-degree member has type 1 diabetes (HR 12) is about four times higher than the increase in risk associated with an SLE. Nevertheless, psychological stress should be treated as a potential risk factor, and should be examined further in future epidemiological studies, for instance in relation to genetic risk. A possible mechanism linking SLEs with manifest type 1 diabetes is suggested by the beta cell stress hypothesis [5] , which proposes that the child's experience of an SLE could contribute to beta cell stress via increased insulin resistance as well as increased insulin demands due to the physiological stress response, including elevated levels of cortisol. Different dimensions of childhood psychosocial stress have been observed to increase the levels of cortisol [24, 28] . In ABIS, high stress in the family, including the experience of an SLE, has been associated with increased levels of cortisol as well as an increased response to diabetes-associated autoantigens, and also a general imbalance in the immune response [19] . Other studies also indicate that chronic stress can suppress or enhance different parts of the immune responses [29] , which may represent another possible mechanism, i.e. that such an imbalance could contribute to an immunological reaction against the beta cells.
High psychological stress levels in the family, including SLE, has in ABIS been associated with an increased risk of obesity [27] , which is associated with increased insulin resistance and an increased insulin requirement, causing beta cell stress [5] . However, in the current study the association between SLE and the risk of developing diabetes remained after adjustment for BMI, suggesting that increased BMI is not a major explanation for the findings.
Strengths and limitations of the study
The use of a population-based cohort, in contrast to a sample selected based on screening for genetic risk (HLA typing), provides unique support for the external validity of our results and enables the generalisation of our results to a general population. The total ABIS sample was representative of Sweden regarding education level [30] . Our dropout was found not to associate with heredity, subsequent diagnosis or the experience of an SLE [31] ; therefore, it seems unlikely that our findings are a result of skewed attrition.
The prospective design is a great strength of the study, which makes it possible to look at stress exposure any time in childhood without recall bias due to diagnosis. Despite the prospective design, the self-report checklist of life events that was used involves a degree of retrospective recall that can lead to measurement bias. However, the prospective design probably distributes any possible measurement biases equally between the diabetes cases and non-cases, and thus recall bias is not likely to alter the associations found.
A lack of correspondence between checklist measures of life events and interviews have between pointed out [32, 33] . However, interviews are usually constructed to assess specific events and the experience of that event (e.g. the Life Events and Difficulties Schedule of Brown and Harris [34] ), whereas self-report checklists traditionally contains broad categories of events (e.g. The Social Readjustment Rating Scale of Holmes and Rahe [20] ). Checklists have been criticised for having large intra-category variability [35] , i.e. variability of magnitude and impact on life of the events reported in the same broad category. However, an association with depression was found to be equally high for both a checklist measure and an interview technique [33, 36] , and it was concluded that checklists can have advantages depending on the purpose of the measurement. In the current study, the checklist was judged adequate when assessing the occurrence of major life events as a proxy for psychological stress. Also, the study design required a large number of participants because measurements had to be obtained through self-report questionnaires.
To maximise power, a statistical method that does not require complete participation was chosen, although power is still low in subanalyses. The method assumes the RR (i.e. HR) for diagnosis is constant over time; however, the impact of a stress exposure probably changes with time since the life event. The most likely violation of the proportional hazard assumption is a reduction in risk through time, which would only result in underestimation of the HR [37] .
Comparison with other studies Our prospective study confirms the findings from several retrospective studies that observed an association between type 1 diabetes and previous experiences of SLEs [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Some previous studies found an association with stressful life events in general [9, 10, [14] [15] [16] , while other studies were more limited to specific events [7, 8, 13, 17] , events judged as negative for the child [12] or specific events in a specific age group [11] . However, previous retrospective studies have the methodological shortcoming of recall bias, which has been, for the first time on an individual level, avoided in the current study. In our study, life events including death, illness and accidents in the family were found to separately associate with diagnosis, thus confirming some retrospective studies [7, 8, 11, 13, 16] . However, although the HR was equally high for some of the other categories of life events in our study, the lower proportion of exposed children resulted in a lack of power. Hence, we cannot with any degree of confidence compare the relative importance of specific life events that previous studies suggested as risk factors, such as divorce/separation [7, 8, 16, 38] , unemployment [16] , parental dispute [16] and the trauma of war [17] .
Three different time periods have been discussed as important in the development of type 1 diabetes: during immunological development at 0-2 years of age; when the autoimmune reaction starts, as long as 8 years before onset; and the autoimmune process during the year(s) before onset [12, 16] . In the current study, exposure to psychological stress could have occurred at any time in childhood before diagnosis; in contrast, the majority of the previous retrospective studies investigated exposure in the year(s) shortly before onset [9] [10] [11] [12] [13] [14] [15] [16] [17] . Earlier exposure has been investigated, but with inconsistent results [7, 8, 10, 12, 16] . In ABIS, experience of SLEs early in a child's life has previously been associated with the development of diabetes-related autoantibodies [38, 39] , but not with manifest diabetes [18] . Our current results suggest that experience of an SLE at any time in childhood may contribute to manifest diabetes and strengthen the hypothesis that psychological stress can influence the immunological process.
Previously in ABIS, parenting stress occurring when children were 1 year of age was associated with the presence of diabetes-related autoantibodies [39] , but not with a diagnosis of type 1 diabetes [18] . The current study that examined parenting stress until children were age 8 years did not find any association with manifest diabetes. Concerning the parent's lack of social support, neither the current study nor a previous study [12] found an association with diagnosis. However, it is reasonable to suppose that both parenting stress and a lack of social support have moderating effects, and thus that children in families with low social support or high parenting stress may be extra vulnerable to stressful experiences.
Conclusions, future research and implications
Consistent with several previous retrospective studies, this first prospective study concludes that the experience of an SLE (reasonably indicating psychological stress) during the first 14 years of life may be a risk factor for manifest type 1 diabetes. The current study examined SLEs experienced at any time before diagnosis; further studies are thus needed to determine when in the autoimmune process psychological stress may contribute, and in association with which other factors e.g. genetic factors, infections or other periods of pronounced beta cell stress. As experience of stressful life events cannot be avoided, children and their parents should get adequate support to cope with these events to avoid their consequences, which could include medical issues.
